We have previously demonstrated that human microRNA-451a (miR-451a) endometriotic lesion expression is significantly higher compared to that of the corresponding eutopic endometrium. The objective of the current study was to examine the relationship between lesion and serum content of miR-451a and to determine the utility of serum miR-451a in distinguishing between women with and without visible signs of endometriosis. Eighty-one participants were enrolled in this study, 41 with confirmed endometriosis and 40 without visible signs of endometriosis at laparoscopy (n ¼ 20) or symptoms of endometriosis (pain, infertility n ¼ 20). Experimental endometriosis was also induced in 8 baboons. Blood, endometriotic lesions, and eutopic endometrial samples were collected from women undergoing laparoscopy for surgical removal of endometriosis. Blood was also collected from control participants with no signs and symptoms associated with the disease as well as from baboons prior to, and then 1, 3, 6, 9, and 15 months postinduction of endometriosis. MicroRNA-451a was assessed by quantitative real-time polymerase chain reaction in all samples. In humans, serum miR-451a levels positively correlated with endometriotic lesion miR-451a content, and sera levels were significantly higher in these participants compared to controls. The area under the curve (AUC) for miR-451a was 0.8599. In baboons, serum miR-451a reached statistically significant peak levels at 6 months postinduction of endometriosis. We conclude from this study that sera miR-451a levels positively correlated with endometriotic lesion content and are significantly greater compared to sera levels in women without visible signs or symptoms of endometriosis. MicroRNA-451a may serve as a serum diagnostic marker for endometriosis.
Introduction
Endometriosis is a debilitating disease which affects as many as 10% of reproductive-age women and is characterized by primary complaints of pelvic pain, dysmenorrhea, and infertility. 1 Defined as the presence of ectopic endometrial stromal and glandular tissue, endometriosis is thought to develop via reverse menstruation of viable endometrial tissue into the peritoneal cavity. However, because almost all reproductive-age women exhibit some degree of retrograde menstruation, [1] [2] [3] it is postulated that additional, yet unidentified, factors must contribute to the development and progression of the disease.
MicroRNAs (miRNAs) have been proposed to play a role in the pathogenesis of endometriosis, but beyond initial characterization, our understanding on their role in this disease is just beginning to evolve. Defined as a class of small noncoding regulatory RNAs that regulate gene expression posttranscriptionally, 4, 5 miRNAs have been implicated to play a vital role in cellular events, many of which are conducive to endometriosis development, including cell proliferation, invasion, and apoptosis. 6 MicroRNA expression profiles have been established for endometriosis in both the disease tissue and eutopic endometrium as well as control patients.
We recently reported that microRNA-451a (miR-451a; formerly miR-451) is overexpressed in endometriotic lesion tissue compared to matched eutopic endometrium. 12 Several factors, which are misexpressed in endometriosis and proposed to play a role in the pathogenesis of endometriosis, have been validated as targets of miR-451a. These factors include macrophage migration inhibitory factor (MIF), [12] [13] [14] 14-3-3 protein zeta/ delta (YWHAZ), 15 ras-related protein 14 (RAB14), 16, 17 calcium binding protein 39 (CAB39), 18 cylin-dependent kinase inhibitor 2D (CDKN2D), 19 mitogen-activated protein kinase 1(MAP3K1), 19 and proteasome subunit beta type-8/ 20S proteasome subunit beta-5i (PSMB8), [20] [21] [22] all of which have been shown to be associated with cellular proliferation and survival, with MIF and YWHAZ being examined in endometriotic tissue and cells. 12, 15 In our previous study evaluating the relationship between miR-451a and MIF, 12 we reported that miR-451a was elevated in endometriotic lesion tissue compared to matched eutopic endometrium from women with endometriosis. In that study, it was demonstrated that miR-451a expression was associated with endometriotic lesion survival. Based on this observation, coupled with the strong supportive evidence that miR-451a modulates cell proliferation/survival, the goal of this project was to evaluate whether serum levels correlated with miR451a lesion content and whether miR-451a serum levels were elevated in women with confirmed endometriosis.
Materials and Methods

Human Participants and Tissue Acquisition
The study was approved by the institutional review boards of both University of Kansas Medical Center and Cleveland Clinic. Written informed consent was obtained prior to surgical removal of endometriotic lesion tissue and endometrial biopsies. Samples were obtained from a total of 81 women (N ¼ 81) between the ages of 21 and 45. Women with endometriosis who presented with pelvic pain due to failed previous endometriosis treatment and were undergoing surgical removal of endometriotic lesion tissue were enrolled. A total of 41 participants were enrolled (n ¼ 16 in the proliferative stage of the menstrual cycle and n ¼ 25 in the secretory stage of the menstrual cycle) and included women with stage I/II (n ¼ 12) and stage III/IV (n ¼ 29) endometriosis (Table 1) . No participants had taken gonadotropin-releasing hormone (GnRH) analogs or hormonal therapies within 3 months prior to surgery. A total of 41 endometrial biopsies (eutopic endometrium) and 41 matched (the same patient) endometriotic lesions were collected. All specimens were collected by the same surgeon (T.F.) at Cleveland Clinic with emphasis on minimizing sample contamination from underlying/surrounding nonendometriotic lesion tissue. To do so, endometriotic lesions were excised and sent to pathology for confirmation of endometriosis, which was defined as the presence of endometrial glands and stroma. Tissue was excised using sharp scissors with no energy. During the excision, the underlying tissue was separated from the lesion tissue. A portion of the same sample lesion which was sent for endometriosis confirmation by a pathologist was utilized for research. Research samples were immediately snap frozen, stored at À80 C and then shipped to the University of Kansas Medical Center.
Controls consisted of women derived from 2 groups. The first group of participants (n ¼ 20) consisted of women undergoing exploratory laparoscopy for pain or pain with bleeding in which no visible signs of endometriosis were found, whereas the second group (n ¼ 20) of women consisted of healthy volunteers with no visible signs and/or symptoms of pelvic pain or infertility (purchased from Innovative Research, Novi, Michigan). Patient demographics for all groups are summarized in Table 1 , and no significant differences among the ages of patients in each group were detected. Women in neither control group had current or a history of autoimmune diseases.
The stage of the menstrual cycle was determined from the patient's medical records and/or assessment of serum progesterone values with the proliferative stage defined as serum progesterone concentrations <2.0 ng/mL and the secretory stage defined as serum progesterone concentrations >2.0 ng/mL as established in the literature. Samples were subjected to RNA extraction followed by quantitative realtime polymerase chain reaction (qRT-PCR) analysis as described below. As no difference in miR-451a expression was noted among stages of the menstrual cycle, stages of endometriosis, or influenced by medications, data were collapsed and analyzed as ectopic versus eutopic tissue for miR451a expression.
Baboon Model of Endometriosis and Sample Collection
All animal studies were approved by the Animal Care and Use Committee of the University of Illinois at Chicago and Michigan State University. Experimental endometriosis was induced in baboons (N ¼ 8) as previously described. 23 Briefly, baboons received intraperitoneal inoculation with menstrual endometrium on day 2 of 2 consecutive menstrual cycles (day 1 ¼ the first day of menses). Blood samples were obtained prior to the first inoculation and then at 1, 3, 6-7, 9-10, and 15-16 months after inoculation. Samples were processed for serum separation, and aliquoted serum samples were stored at À80 C until shipped to the University of Kansas Medical Center for RNA isolation and miR-451a assessment (N ¼ 8 for each time point except 3 months where n ¼ 4). The progression of disease was monitored and endometriosis was confirmed and staged by laparotomy in each animal by consecutive laparoscopies and video recording at each of the time points following inoculation.
Total RNA Extraction From Serum and miRNA qRT-PCR Analysis
Patient serum samples were prepared following the same standard centrifugation and sample preparation steps from all institutions providing samples. RNA was isolated from 0.5 mL of serum using an equal volume of TRIzol (Life Technologies, Carlsbad, CA), whereas tissue RNA was extracted using 1.0 mL of TRIzol/100 mg of tissue following the protocols provided by the manufacturer. To assess miR-451a expression, miRNA kits for miR-451a were purchased from Applied Biosystems (Foster City, CA). Total RNA (250 ng in 5 mL) was reverse transcribed using RT kits following the manufacturer's protocol with the following modifications. Briefly, miRNAs were reverse transcribed in a single reaction using 2 mL of each miRNA-specific 5X RT primers. The resulting material was then used for independent qRT-PCR for each miRNA. To normalize for starting material, a reverse snRNA U6 was included in the miRNA RT reactions, and qRT-PCR of U6 was performed using previously validated primers 24 with forward and reverse sequences-U6 forward: CTCGCTTCGGCAGCACA and U6 reverse: AACGCTTCAC-GAATTTGCGT. Quantitative real-time polymerase chain reaction reactions were completed on a 7900 HT Sequence Detection System (Applied Biosystems). All samples were run in triplicate and the average value was used in subsequent calculations. The 2 DDCT method was used to calculate the fold-change values among samples as previously described by our group. 14,25 For qRT-PCR assays, the intra-and interassay coefficients of variation were both less than 5%.
Serum Progesterone Analysis
Serum progesterone concentrations were measured by enzyme-linked immunosorbent assay in human samples following the recommendations of the manufacturer (Abnova, Walnut, California). The sensitivity of the assay is 8.57 pg/ mL and the intra-and interassay coefficients of variation were approximately 5.97% and 5.93%, respectively. All samples were assessed in duplicate.
Statistical Analysis
Serum miR-451a levels were first separately assessed within stages of endometriosis (stage I/II vs stage III/IV in endometriosis participants) and between the 2 control groups-women with pain but no visible signs of endometriosis and women with no symptoms of endometriosis (pain or infertility). As no significant difference in miR-451a expression could be attributed to stages of endometriosis or between the 2 control groups, data were pooled and analyzed as endometriosis compared to a single control group with separation based on stages of menstrual cycle within each study group. All data were first assessed for normal (Gaussian) distribution. Both human and baboon data failed to display normality of distribution and were therefore analyzed by nonparametric tests as specified below. Differences in the DCt values among participant groups or among time points (baboon sera across different times post-endometriosis induction) were analyzed using Kruskal-Wallis test followed by post hoc analysis using Dunn multiple comparison test. The diagnostic performance of miR-451a expression levels was assessed using a receiver operating curve (ROC) to plot the test sensitivity versus its falsepositive rate (1-specificity). To examine the correlation between serum miR-451a and lesion miR-451a content, Spearman correlation coefficients were calculated. All analyses were conducted using GraphPad Prism version 6. The significance was set at P < .05 for all analyses.
Results
To examine the relationship between serum miR-451a and endometriotic lesion miR-451a content, Spearman correlation coefficients were calculated. Endometriotic lesion miR-451a content displayed a positive correlation with serum miR-451a content ( Figure 1 miR-451a levels in control and participants with endometriosis based on the presence/absence of pain or stages of endometriosis, respectively, did not differ (data not shown). Therefore, we pooled data within each group and compared serum miR-451a levels between control and participants with endometriosis taking into account stages of menstrual cycle. As displayed in Figure 2A , serum from participants with endometriosis exhibited significantly lower miR-451a DCt values compared to controls. This was true for comparisons between both the proliferative and secretory stages between study groups ( Figure  2A ). These DCt values corresponded to an approximate 40-fold increase during the proliferative stage of the menstrual cycle within the endometriosis group compared to controls and an approximate 23-fold increase during the secretory stage ( Figure 2B ). To assess the utility of circulating miR-451a in the potential diagnosis of endometriosis, we examined the ROC curve of serum miR-451a (Figure 3) , which was differentially expressed between endometriosis patients and controls. The area under the curve (AUC) of miR-451a was 0.8599 (95% CI ¼ 0.7780-0.9421). Using a DCt value of <3.495, sensitivity and specificity were 85.37% (95% CI ¼ 70.83%-94.43%) and 84.62% (95% CI ¼ 69.47%-94.14%), respectively.
To begin to determine why miR-451a sera levels may be elevated in women with endometriosis, we assessed serum miR-451a levels in baboons before and after the induction of experimental endometriosis. Sera DCt values were highly variable both within and between baboons. Statistical analysis revealed a significantly lower DCt value (which corresponds to a higher serum miR-451a level) at 6 months postinoculation compared to preinoculation values ( Figure 4A ). This change was statistically significant and corresponds to an approximate 20-fold increase in sera miR-451a levels at 6 months postendometriosis induction ( Figure 4B ). Interestingly, in those baboons which showed more minimal changes at 6 months postinoculation compared to postinduction values, their sera miR-451a levels were further increased at 9 months postinoculation compared to levels at 6 months (data not shown). As can be seen from Figure 4A , the general trend is that DCt values decreased (sera miR-451a levels increased) after induction of endometriosis, reaching peak levels at 6 months postinduction. Levels were most variable at 3 months postinduction, reached significantly higher levels in the serum at 6 months postinduction, and then became variable at 9 and 15 months postinduction (Figure 4) . Overall, induction of endometriosis was associated with an increase in circulating miR-451a levels compared to sera levels from baboons obtained prior to induction of endometriosis, demonstrating that the elevated circulating levels of miR-451a are a result of the disease/presence of ectopic lesions. Figure 2 . Sera miR-451a levels are elevated in women with endometriosis. Sera miR-451a levels were assessed in women with (n ¼ 41) and without (n ¼ 40) endometriosis during the proliferative (n ¼ 34) and secretory stages (n ¼ 47) as described in ''Materials and Methods''. Data were analyzed as control versus endometriosis for miR-451a expression during each stage of the menstrual cycle. A, DCt values among groups were analyzed by Kruskal-Wallis test followed by post hoc analysis using Dunn multiple comparison test. **P < .001 and *P < .01 between control and endometriosis during the proliferative and secretory stages of the menstrual cycle, respectively. Please note that lower DCt values correspond to an increase in miR-451a expression. B, Sera miR-451a levels were approximately 25-fold higher in endometriosis samples compared to controls and was calculated using the formula 2 (x) where (x) ¼ (DCt control À DCt endometriosis). miR-45a1 indicates microRNA-451a. 
Discussion
The primary objective of the current study was to follow up our initial report that miR-451a expression is elevated in endometriotic lesion tissue compared to the corresponding eutopic endometrium, to determine the relationship between lesion and sera content in these women, as well as to begin to explore the reason for elevated sera miR-451a levels. MicroRNA-451a is expressed in the circulation, predominantly by erythrocytes, 26 where it is proposed to play a role in the differentiation and/or maturation of red blood cells. 27 We detected a significant difference between sera levels in women with endometriosis compared to women without visible signs of the disease and/or symptoms of the disease. The positive correlation detected between lesion and serum miR-451a suggests that the later may be derived from lesion tissue itself or may be manifested as a result of the presence of ectopic tissue. Using the welldescribed baboon model for endometriosis, we provide additional support that the presence of ectopic lesions is associated with elevated sera levels of miR-451a suggesting that the elevated levels of circulating miR-451a are a result of the disease and perhaps not a causative factor in its development. Due to limitations in the current study (unavailability of baboon lesions for miR-451a assessment), we were unable to assess the relationship between lesion and serum content as endometriosis progressed (from 3 to 15 months postinduction) in these animals.
The observation that sera miR-451a levels correlated with lesion content lead us to examine whether miR-451a circulating levels could distinguish between women with visible signs/symptoms of endometriosis from those women who do not exhibit endometriosis symptoms (primarily pain and infertility). We found a significant elevation in serum miR451a levels in women with confirmed endometriosis compared to women who exhibited pain but no visible signs of endometriosis as well as women who exhibited neither pain nor symptoms of endometriosis. This observation is in agreement with a recent report by Cosar and colleagues 28 who utilized a comprehensive array-based analysis of serum miRNAs and identified several miRNAs in serum that distinguished participants with endometriosis from those without. Of these, miR-125b-5p had the greatest potential as a single diagnostic biomarker and in combination with miR-451a and miR-3613-5p further improved diagnostic performance. The AUC and 95% CI for miR-451a in the study by Cosar and colleagues 28 were 0.835 and 0.707 to 0.963, respectively, whereas our AUC was 0.8599 and 95% CI was 0.778 to 0.942, thus demonstrating in 2 independent populations the potential utility of using miR-451a levels to distinguish between women with and without endometriosis.
Area under the curve values provide a measure of discrimination or ability of the test to correctly classify those with and without the disease, and based on our results in this study and those of Cosar and colleagues, 28 serum miR-451a values would be able to correctly classify the presence/absence of endometriosis approximately 85% of the time. Furthermore, for miR451a to serve as a useful diagnostic marker, specificity and sensitivity must be evaluated. Sensitivity, or the true positive rate, measures the proportion of actual positives which are correctly identified as positive for the presence of a disease (endometriosis in this case). Specificity, or the true negative rate, measures the proportion of negatives which are correctly identified as negative for the presence of a disease (endometriosis). For a ''perfect'' diagnostic marker, both sensitivity and specificity would be 100%. Using a DCt value of less than 3.495, sensitivity and specificity were calculated as 85.37% and 84.62%, respectively, for serum miR-451a.
The issue of sensitivity and specificity has been one of the limiting factors in identifying a diagnostic marker for endometriosis. Cancer antigen 125 (CA125) was one of the first potential biomarkers to be evaluated for endometriosis diagnosis. [29] [30] [31] [32] However, CA125 has poor specificity and sensitivity as elevated CA125 levels are detected in pregnant females, 33, 34 other gynecological pathologies, 35 and pelvic inflammatory disorders. 36 More recent emphasis has focused on the identification of panels of biomarkers for endometriosis diagnosis which, when assessed in combination, offer superior specificity and sensitivity compared to the assessment of these markers singularly. 37, 38 Using this approach, the issues of specificity and sensitivity have been greatly improved over the utilization of single markers such as CA125.
MicroRNAs may hold promise as circulating biomarkers as they are resistant to RNase degradation and as such are stable within biological fluids. 39 Several miRNAs have been evaluated as potential diagnostic markers for endometriosis in human sera 24, 28, 40, 41 and plasma. [42] [43] [44] Cho and colleagues 24 demonstrated that several circulating miRNAs were differentially expressed in the sera of women with endometriosis compared with controls. Furthermore, they demonstrated that the combination of serum let-7b, -7d, and -7f levels during the proliferative phase may serve as a diagnostic marker for endometriosis with a maximum AUC score of 0.929. Wang and colleagues 40 found a total of 51 serum miRNAs to be either downregulated or upregulated 10-fold or greater in sera from women with endometriosis. From these differentially expressed miRNAs, miR-122 and miR-199a were shown to be upregulated and miR-145, miR-141*, miR-542-3p, and miR-9* were downregulated. Furthermore, miR-199a and miR-122 were also differentially expressed between severe and mild endometriosis with their expression showing progressive changes with the severity of the disease. The diagnostic value of these molecules was confirmed with the optimal combination of miR-199a, miR-122, miR-145*, and miR-542-3p yielding an AUC of 0.994 and a cutoff point (0.4950) of 93.22% sensitivity and 96.00% specificity. However, Hsu and colleagues reported that sera miR-199a-5p levels were downregulated in endometriosis, 41 suggesting some degree of uncertainty to the value of miR-199a as a potential diagnostic marker. Nonetheless, the AUC of 0.994 for the group of miRNAs in the study by Wang and colleagues has given the highest AUC of sera miRNAs to date.
Assessment of plasma levels of miRNAs has also identified potential biomarkers for endometriosis. Jia and colleagues 42 demonstrated that miR-17-5p, miR-20a, and miR-22 were significantly lower in plasma from women with endometriosis compared to controls, yielding an AUC of 0.74, 0.79, and 0.85, respectively. A study by Suryawanshi and colleagues 43 evaluated plasma miRNAs levels in women with endometriosis compared to women with endometriosis-associated ovarian cancer and controls. Of 24 candidate miRNAs, only miR1978 and miR-362-5p were not elevated in plasma from women with endometriosis-associated ovarian cancer compared to controls and could possibly be used to distinguish participants with endometriosis from the other groups. Finally, miR-200a and miR-141 have also been identified as potential sera biomarkers for endometriosis. 44 Interestingly, in this study, it was found that the plasma miR-200a, miR-200b, and miR-141 levels vary with time of blood sampling which would indicate that time of collection would need to be standardized when collecting blood for miRNA analysis.
Compared to the miRNAs assessed to date, miR-451a appears to be as good as, or superior to, those potential miRNA diagnostic markers proposed in other studies. However, the utility of miR-451a as an endometriosis biomarker is not without limitation. MicroRNA-451a levels have been shown to be differentially expressed in patients with nonalcoholic fatty liver disease, 45 rheumatoid arthritis (RA), 46 and several types of cancer including renal cell carcinoma, 47 nonsmall lung cancer, 48 and epithelial ovarian cancer. 49 Although our data demonstrate a strong ability to discriminate between women with and without endometriosis based on miR-451a serum levels, we must remember that this miRNA is associated with other diseases, namely of autoimmune nature, which share similarities with endometriosis. 50, 51 The potential of other conditions and/or diseases in concurrence with endometriosis must be fully considered when assessing serum miR-451a levels and its potential diagnostic utility. The best application of miR451a as a diagnostic marker for endometriosis may come from the development of a panel of differentially expressed miRNAs such as those described earlier in the text 24, 28, [40] [41] [42] [43] [44] which may increase specificity and sensitivity.
In addition, defining the mechanism which leads to elevated serum miR-451a levels may also aid in the development of the most specific diagnostic tests for endometriosis. As we demonstrate in the current study, there is a positive correlation between serum miR-451a and endometriotic lesion 451a content which may suggest that the elevated circulatory levels may be derived at least in part from lesion-derived miR-451a. As serum of normal (nonendometriosis) women contain miR451a, it is likely that other cellular sources contribute to circulating miR-451a levels and that the endometriotic lesions may provide additional ''enrichment'' of these levels. We have previously demonstrated in women with endometriosis that ectopic lesions express miR-451a and that this expression is significantly higher compared to matched eutopic endometrial expression. 12 This pattern of expression was also detected in baboons with experimental endometriosis as miR-451a expression was greater in ectopic lesions (15 months postinduction) compared to matched eutopic endometrium. 15 We did not detect a difference in lesion 12 or sera miR-451a levels based on stages of endometriosis (I/II vs III/IV). These observations may suggest that changes in sera miR-451a are manifested early in the disease process/endometriosis development and may not be influenced by factors associated with the more severe forms of the disease such as pelvic adhesion, fibrosis, and excessive disease.
We are aware, and also propose, that the hormonal milieu generated by endometriosis could contribute to the elevated circulating miR-451a levels. It is well-established that endometriosis is associated with an inflammatory environment. 52, 53 Elevated levels of miR-451a are positively correlated with RA T-cell DAS28, ESR levels, and with serum concentrations of IL-6. 54 Interestingly, after treatment with methotrexate and anti-TNF-a drugs, the levels of miR-451 in T cells significantly decreased as compared to cells from newly diagnosed patients with active RA. 54 From this information, we propose that the most likely explanation may lie somewhere between miR-451a levels derived from the lesion itself and other cellular sources which contribute to the circulating levels of this miRNA in women with endometriosis. Finally, we are aware that this study has limitations. For example, we are aware that the control group which consisted of healthy women who exhibited no signs of pelvic pain or infertility could have microscopic endometriosis. If these women were to have endometriosis, the rationale for treatment would be uncertain as they would apparently exhibit neither of the 2 major symptoms of the disease-pain and infertility. Second, this was a retrospective study and to fully evaluate the potential diagnostic utility of miR-451a, or any diagnostic marker, a larger prospective study is warranted, which is currently underway. We conclude that serum miR451a levels are positively correlated with endometriotic lesion miR-451a content in women with endometriosis and that circulating miR-451a levels may serve as a potential diagnostic aid in the detection of endometriosis.
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